A maltodextrin-binding protein from Pyrococcus furiosus (PfuMBP) has been overproduced in Escherichia coli, puri®ed, and crystallized. The crystal structure of the protein bound to an oligosaccharide ligand was determined to 1.85 A Ê resolution. The fold of PfuMBP is very similar to that of the orthologous MBP from E. coli (EcoMBP), despite the moderate level of sequence identity between the two proteins (27 % identity, 46 % similarity). PfuMBP is extremely resistant to heat and chemical denaturation, which may be attributed to a number of factors, such as a tightly packed hydrophobic core, clusters of isoleucine residues, salt-bridges, and the presence of proline residues in key positions. Surprisingly, an attempt to crystallize the complex of PfuMBP with maltose resulted in a structure that contained maltotriose in the ligand-binding site. The structure of the complex suggests that there is a considerable energy gain upon binding of maltotriose in comparison to maltose. Moreover, isothermal titration calorimetry experiments demonstrated that the binding of maltotriose to the protein is exothermic and tight, whereas no thermal effect was observed upon addition of maltose at three temperatures. Therefore, PfuMBP evidently is designed to bind oligosaccharides composed of three or more glucopyranose units.
Introduction
ATP-binding cassette (ABC) transporters comprise one of the largest superfamilies of proteins (Tatusov et al., 1997) . They orchestrate the ATPdependent transport of a wide variety of solutes across biological membranes in both prokaryotes and eukaryotes (Higgins, 1992; Croop, 1998) . In bacteria and archae, the majority of ABC transporters consist of a high-af®nity substrate-binding protein, two integral membrane proteins, and a pair of membrane-associated ATPase subunits (Ehrmann et al., 1998; Horlacher et al., 1998) . In Gramnegative bacteria (e.g. Escherichia coli), the binding protein is a soluble constituent of the periplasm, whereas in Gram-positive bacteria and archae it is a lipoprotein that is anchored in the cytoplasmic membrane and exposed like a receptor on the cell surface (Wu, 1996) .
Much of the existing knowledge about microbial ABC transporters has been gleaned from studies of the high-af®nity maltose transport system in E. coli. The E. coli maltodextrin-binding protein (EcoMBP), in particular, has been the subject of intensive study. A battery of genetic, biochemical, and biophysical methods have produced a wealth of information about the structure and ligandbinding properties of EcoMBP (e.g. see Martineau et al., 1990; Spurlino et al., 1991; Sharff et al., 1992 Sharff et al., , 1993 Hall et al., 1997a,b,c; Novokhatny & Ingham, 1997; Gardner et al., 1998; Thomson et al., 1998) . It is unclear, however, to what degree these observations can be generalized. That is, what are the similarities and differences between EcoMBP and its distant relatives? To address this question, we have undertaken a study of an MBP from the hyperthermophilic archeon Pyrococcus furiosus (PfuMBP).
Here, we describe the crystal structure of PfuMBP in complex with maltotriose at a resolution of 1.85 A Ê . Despite the moderate level of sequence identity between PfuMBP and EcoMBP (27 % identity, 46 % similarity), the two structures are similar in many respects. The bound oligosaccharide is located in a deep cleft that is lined with hydrophobic side-chains on the sides and charged side-chains on the bottom. EcoMBP binds both maltose and maltotriose with similar af®nities (Thomson et al., 1998) . In contrast, PfuMBP appears to bind maltotriose much more tightly than maltose.
Results

Expression, purification, and crystallization of PfuMBP
A BLAST search of the P. furiosus genome sequence identi®ed two open reading frames (ORFs) with recognizable similarity to EcoMBP. One of these (Utah genome center ID Pf 1616024) encodes a protein that is identical with a previously characterized Thermococcus litoralis maltosebinding protein (TliMBP) (Horlacher et al., 1998) . The amino acid sequence encoded by the other ORF (Utah genome center ID Pf 1788981) is very different from that of TliMBP. However, both ORFs in P. furiosus exhibit about the same degree of sequence similarity with EcoMBP (27 % identity). Pf 1788981 appears to be part of an operon that includes components of an ABC transporter and an amylopullulanase gene.
To determine whether this uncharacterized ORF in the P. furiosus genome (Pf 1788981) encodes a functional MBP, we ampli®ed the coding sequence from genomic DNA by polymerase chain reaction (PCR) and cloned it into the pMal-C2x expression vector (New England Biolabs), effectively replacing the coding sequence of EcoMBP with that of the P. furiosus ORF. Like TliMBP, the mature domain of this putative PfuMBP is augmented by an Nterminal peptide that presumably serves to anchor the protein to the membrane. Because this peptide bears no similarity to the EcoMBP signal peptide, which is removed during translocation of the protein across the inner membrane to generate the mature MBP, it was not clear exactly where the N terminus of the``mature'' domain of PfuMBP should begin. However, the two sequences could be aligned unambiguously beginning with the ®fth residue from the N terminus of mature EcoMBP. Therefore, we designed our vector to produce a chimeric polypeptide consisting of the ®rst four residues of mature EcoMBP (plus an initiator methionine residue) followed by 376 residues encoded by P. furiosis DNA.
Upon induction with isopropyl b-D-thiogalactopyranoside (IPTG) in E. coli BL21/DE3 cells, the PfuMBP expression vector produced an abundant protein with the expected molecular mass (ca 43 kDa), as judged by sodium dodecyl sulfate/ polyacrylamide gel electrophoresis. This protein accumulated in a soluble form in the crude cell extract, and remained soluble even after endogenous proteins were precipitated by heating the extract at 90 C for 15 minutes (data not shown). Unlike TliMBP (Horlacher et al., 1998) , this PfuMBP bound tightly to amylose resin, from which it could be displaced by malto-oligosaccharides, con®rming that it is indeed a functional maltodextrinbinding protein. After sequential amylose af®nity and hydrophobic interaction chromatography steps, the protein was completely free of detectable contaminants. Ligand-free PfuMBP was prepared by denaturation and refolding after amylose af®-nity chromatography.
Liganded PfuMBP was crystallized from ammonium sulfate (pH 9) by the hanging drop technique. Cryogenic X-ray diffraction data were collected for the native crystal and data for two heavy-atom derivatives at 1.85 A Ê and 2.2 A Ê resolution, respectively. The structure was solved using multiple isomorphous replacement and re®ned as described in Materials and Methods.
Refolded, ligand-free protein crystallized from polyethylene glycol (4000 or 6000; pH 4-5) in the form of very thin needles that did not lend themselves to crystallographic analysis. When maltotriose was added to the refolded protein, the complex crystallized from ammonium sulfate at high pH. These crystals were identical with those obtained when the liganded protein was puri®ed under native conditions.
Overall comparison between the structures of PfuMBP and EcoMBP
Like EcoMBP, PfuMBP is composed of 19 a-helices and 17 b-strands that are distributed between two distinct domains (lobes), both of which are composed of a central pleated b-sheet surrounded by a-helices. (Figure 1(a) ). The carbohydrate-binding site is located in the groove between the lobes, which are connected by a hinge region made of two antiparallel b-strands and an a-helix.
Here, we report the structure of the carbohydrate-bound form of PfuMBP. Hence, it is logical to use the structure of a liganded form of EcoMBP for comparison. Several structures of oligoscaccharide-EcoMBP complexes have been reported in the literature, including the maltotriose-EcoMBP complex used as a reference throughout this work (PDB accession code 3MBP, Quiocho et al., 1997).
Alignment of the two structures by LSQMAN (Kleywegt, 1996) resulted in a match of 316 C a atoms with a root-mean-square deviation (rmsd) of 1.8 A Ê (the overall C a position rmsd is 9.2 A Ê ). Of the aligned amino acid residues, 29 % are identical (27 % overall sequence identity). In light of the above, it is unclear to us why we did not succeed in our attempts to solve this structure by molecular replacement. A structure-validated sequence alignment of the two proteins is presented in Figure 2 . The conserved residues are distributed fairly evenly throughout the two domains with no apparent pattern, except for the residues in the carbohydrate-binding site.
Although PfuMBP and EcoMBP have the same fold, the position and orientation of many of the secondary structure elements, especially those on the side of the protein opposing the carbohydratebinding site, are quite different (Figure 1(b) ). The surface of PfuMBP bears 15 more negative charges than that of EcoMBP, as evidenced by the electrostatic plots in Figure 3 (a). Both proteins have a prominent patch of exposed hydrophobic surface on the side opposite to the carbohydrate-binding site (Figure 3(b) ) as well as several smaller hydrophobic patches distributed over their surface.
Bound oligosaccharide and the carbohydratebinding site
PfuMBP ostensibly was eluted from the amylose column with maltose, which is a disaccharide. To our surprise, however, the shape of the electron density in the carbohydrate-binding site of PfuMBP clearly indicated that three glucopyranoside rings were present. When the three sugar rings are re®ned independently, the distances between the anomeric oxygen atoms of rings 2 and 3 and the C4 atoms of the neighboring glucopyranose rings 1 and 2 correspond to C-O covalent bond lengths (Figure 4 ). To further investigate whether the electron density corresponding to the three sugar rings describes a trisaccharide, rather than the superimposition of two disaccharides occupying adjacent (Kraulis, 1991) , BOBSCRIPT (Esnouf, 1997) , and Raster3D (Bacon & Anderson, 1988; Merrit & Murphy, 1994) . (b) Superposition of the PfuMBP (green) and EcoMBP (red) backbone structures. Structure-based sequence alignment of PfuMBP and EcoMBP. Identical residues are underlined, chimeric residues are italicized, and residues in the sugar-binding site are marked with an asterisk (*).
Structure of P. furiosus MBP sites, we performed re®nement using variable occupancy parameters (one for each pyranoside) by assigning the same occupancy to every atom of each carbohydrate residue. The resulting occupancy distribution is 1:1:0.9 for rings 1, 2, and 3, respectively. Although this ratio is also consistent with an occupancy of 90 % maltotriose and 10 % maltose, we consider this to be very unlikely. Finally, the electron density near the anomeric carbon atom of ring 1 clearly shows an a/b (33 % a, 66 % b) disordered oxygen atom, which is typical of reducing carbohydrates. No such feature is observed in the vicinity of the anomeric carbon atoms of rings 2 or 3. Taken together, these results can mean only that the three rings comprise a single molecule of maltotriose rather than two disorder-averaged, overlapping maltose molecules. The results of further experiments supported this view (see below).
In PfuMBP, the carbohydrate is sandwiched between two layers of aromatic rings, formed by the side-chains of Trp345, Tyr161, Trp230, and Trp65 ( Figure 5 (a), Table 1 ), which is similar to the arrangement in EcoMBP. Ala13, Met14, Ala160, Tyr210, Met335, Ala66, and Phe162 de®ne the boundaries of the binding site and engage in hydrophobic contacts with the ligand. A network of hydrogen bonds involving the carbohydrate moiety, the side-chains of Trp65, Trp69, Asp68, Asn159, Glu116, Lys266, and Glu18, the main chain of residues Ala13(O) and Tyr161(N), and nine water molecules is shown in Figure 5 (b) and Table 2 .
Superimposition of the binding sites of the EcoMBP and PfuMBP complexes, using only the carbohydrate atoms of the matching glucopyranoside rings revealed that maltotriose binds to PfuMBP in a radically different manner than the way in which it binds to EcoMBP ( Figure 5(c) ). In the PfuMBP-maltotriose complex, all three glucopyranosides engage in extensive interactions with the protein, whereas the last non-reducing glucose residue of maltotriose makes relatively few contacts with the protein in the EcoMBP complex. Compared with EcoMBP, the sugar-binding cleft of PfuMBP extends farther toward the core of the protein. The lengthy side-chains of Asn12 and Lys15, which in EcoMBP occupy the space necessary to accommodate the reducing pyranoside ring, are transformed into shorter side-chains of Ala13 and Pro16, respectively, in PfuMBP. Additional space is provided by displacement of the (13-19) loop, caused by several residue changes, including Gln15 (from Asp14 in EcoMBP), which forms a double hydrogen bond with Asn211 (changed from Ser211 in EcoMBP).
Energetics of maltose and maltotriose binding to PfuMBP
No signi®cant heat release or absorption could be detected upon titration of PfuMBP with maltose at 15 C. As a control, EcoMBP was titrated with the same batch of maltose solution at 15 C. As expected, this reaction was endothermic, with thermodynamic parameters similar to those described earlier (Thomson et al., 1998) . Titration of PfuMBP Figure 4 . jF o À F c j electron density difference map contoured at 3.0s in the area of the bound maltotriose molecule. This map was calculated before the ligand was added to the model. Structure of P. furiosus MBP with maltotriose at 15 C was strongly exothermic (Figure 6 ), which allowed us to estimate the constant, enthalpy, and entropy of binding to be 2.7 Â 10 7 M À1 , À4.98 kcal/mol, and 13.5 cal/ mol K, respectively.
Potential determinants of thermostability
PfuMBP is an exceptionally stable protein. No signi®cant change in the circular dichroism spectrum is observed at temperatures up to 85 C or in 6 M guanidine hydrochloride (J. Fox and D.E.A., unpublished results). In contrast, EcoMBP unfolds at approximately 65 C or in 1 M guanidine hydrochloride (Ganesh et al., 1997) . In our opinion, the greater stability of PfuMBP is likely due to a combination of factors, including an abundance of salt-bridges, the presence of proline residues in key positions, and the presence of tightly packed networks of isoleucine residues and other hydrophobic residues in the core of the protein.
Salt-bridges have been proposed to play a crucial role in promoting hyperthermostability in proteins (Perutz & Raidt, 1975; Elcock, 1998) . Using a cutoff distance of 3.9 A Ê , we have manually identi®ed 23 potential ion pairs in PfuMBP and ten potential ion pairs in EcoMBP. Using HBPLUS (McDonald & Thornton, 1994) with the same distance cutoff, we have identi®ed 15 hydrogen bonds between oppositely charged residues of PfuMBP compared to only ®ve such hydrogen bonds in EcoMBP. Thus, PfuMBP contains many more salt-bridges than EcoMBP. An illustration of the salt-bridge distribution in the PfuMBP structure is presented in Figure 7 .
It has been proposed that the presence of proline residues in key positions, such as position 2 of a bturn, and at the beginning and the end of structural elements, can greatly increase the thermostability of proteins (Matthews et al., 1987; Korkhin et al., 1998) . Out of 21 proline residues (5.7 % of overall composition) in EcoMBP, only one is positioned in a b-turn and six are found at the N termini of a-helices. In addition, a short loop (248-254) is stabilized by proline residues at the beginning and the end. In contrast, six out of 29 proline residues in PfuMBP (7.6 % of overall composition) occur in b-turns, ®ve a-helices are capped with proline at both ends, and two more are capped on their N termini. The (248-259) loop in PfuMBP is¯anked by proline residues at positions 246 and 261, and contains proline at positions 248, 249, and 259. These proline residues probably help compensate for the destabilizing effect of the ®ve extra residues in the loop.
Isoleucine clusters and tight packing of hydrophobic residues in the core of the protein are often regarded as major determinants of thermal stability (Danson & Hough, 1998) . PfuMBP and EcoMBP contain 32 and 23 Ile residues, respectively. In EcoMBP, the 79-266-59-9 cluster forms a stack across four b-strands. In PfuMBP, the same role can be assigned to the analogous 38-10-64-268 cluster. In addition, the PfuMBP structure contains two smaller Ile clusters, 304-322-316 and 121-232, as well as an extensive network of isoleucine residues, 158, 166, 200, 250, 367, 355, 364, 190, 352 and 163 (Figure 7) . A remarkable hydrophobic stack with a high degree of s-p and p-p stabilization is formed by Val78, Phe73, Trp69, Trp65, the central ring of the ligand, Trp230, Pro 229, Phe325, and Val244 (Figure 8) .
A number of other factors, such as surface-tovolume ratios, overall hydrogen bonding, helix capping, and the proportion of thermolabile residues, probably do not contribute signi®antly to the stabilization of PfuMBP. The cavity volumes and surface-to-volume ratios of the two proteins are similar. The largest cavity found for PfuMBP has a volume of 28 A Ê 3 , with the total volume of cavities being only 33 A Ê 3 . The two largest cavities in EcoMBP have volumes of 25 and 16 A Ê 3 , the total volume of the cavities being 54 A Ê 3 . PfuMBP has a volume of 51,553 A Ê 3 and a surface area of 13,044 A Ê 2 . The corresponding values for EcoMBP are 49,328 A Ê 3 and 13,352 A Ê 2 , respectively. The statistics of hydrogen bonding are also similar for the two proteins: PfuMBP and EcoMBP have an average of 0.88 and 0.90 hydrogen bond per residue, respectively. No signi®cant difference is observed in the distribution of main-chain versus side-chain hydrogen bonds. Negatively charged amino acid residues are found at the N termini of a-helices in only two cases for PfuMBP and in one case for EcoMBP. Consequently, we do not believe that helix capping contributes signi®cantly to the stability of either protein. Asn, Gln, Met, and Cys can be classi®ed as thermolabile because of their tendency to undergo chemical modi®cation at high temperatures (Russell et al., 1997) . Surprisingly, PfuMBP contains almost twice as many of these residues as does EcoMBP (65 and 36, respectively). Moreover, PfuMBP has four Asp-Pro bonds, which are potentially susceptible to hydrolysis at high Structure of P. furiosus MBP temperature (Robinson et al., 1988; Rittenhouse & Marcus, 1984) , whereas EcoMBP has only one. Thus, there is no indication that PfuMBP has been under selective pressure to minimize the number of thermolabile amino acids and Asp-Pro bonds that it contains.
Discussion
The overall folds of PfuMBP and EcoMBP are very similar. The extreme thermal stability of PfuMBP is most likely due to a combination of factors, mainly ef®cient hydrophobic interactions, such as isoleucine clustering, an increased number of salt-bridges, and the presence of proline residues in many key positions. The similarity of folds does not, however, result in identical carbohydratebinding sites. Before discussing the carbohydratebinding site in detail, it is important to clarify the nature and origin of the ligand observed in the structure, because the carbohydrate-binding site of the protein clearly contains maltotriose rather than maltose, even though the latter sugar was used for elution of the protein and formation of the complex.
There are at least two explanations for this phenomenon. One possibility is that PfuMBP has enzymatic properties that enable it to convert maltose into maltotriose. Alternatively, PfuMBP may have preferentially accumulated this trisaccharide from the solutions used in elution and dialysis. The evidence presented here strongly supports the second hypothesis. The elution of PfuMBP from the amylose column was accomplished using commercial D-maltose (ICN, biotechnology grade). Commercial maltose is known to contain small quantities of maltotriose and higher oligoglucosides. The particular batch of maltose we used for chromatography was 97 % pure, according to the manufacturer. NMR and MS measurements, as well as paper chromatography (data not shown), indicate that this batch of maltose contained 0.5 to 1 % of maltotriose, along with some higher oligosaccharides. Normally, such a small fraction of contaminants is of no consequence, especially when the saccharide is used as a carbon source for Figure 7 . Salt-bridges and leucine/isoleucine residues within the PfuMBP structure. Salt-bridges are shown as pairs of oppositely charged residues (acidic in red, basic in blue) joined by hydrogen bonds (green). Leucine and isoleucine residues are shown as pale blue spherical models. bacterial culture or as a reagent for eluting EcoMBP fusion proteins from amylose af®nity resin during puri®cation. In this case, however, it is appears that the much greater af®nity of PfuMBP for maltotriose than for maltose resulted in the preferential binding of maltotriose from solutions containing both sugars. Maltose was used in $1000-fold molar excess during elution, so there was more than enough maltotriose present to bind all of the available protein. We would like to emphasize that it was not necessary to add any carbohydrate to the protein in order to crystallize the complex, which further illustrates the point that the ligand bound to PfuMBP during elution from the amylose af®nity column and did not dissociate during subsequent puri®cation and dialysis steps. Only after denaturation, size-exclusion chromatography and refolding could we produce a batch of PfuMBP that was consistently free of ligand.
Conceptually, the binding of maltotriose to PfuMBP resembles the mode of binding of oligosaccharides to EcoMBP. In both cases, the sugar is sandwiched between two layers of hydrophobic residues and is held in position by a number of hydrogen bonds ( Figure 5 ). A striking difference emerges, however, when the geometry of the PfuMBP-maltotriose compex is compared with that of the EcoMBP-maltotriose complex. The reducing glucopyranoside ring of the maltotriose in complex with EcoMBP corresponds to the middle glucopyranoside ring of the maltotriose in the PfuMBP complex, in which the reducing ring is accommodated by an extension of the binding site toward the core of the protein ( Figure 5 ). This enlargement of the cavity is caused by the concerted change of EcoMBP amino acids in the (12-19) loop, resulting in the inward motion of the whole loop, which is accompanied by multiple changes in other parts of the protein. As a result, all three pyranoside rings of maltotriose engage in multiple interactions with PfuMBP. In contrast, the terminal glucopyranoside ring of maltotriose makes relatively few contacts with EcoMBP, as can be seen from the X-ray structure of the complex (Quiocho et al., 1997) .
The equilibrium binding constant of the PfuMBP-maltotriose complex (2.7 Â 10 7 M
À1
) is 20 times greater than that of the EcoMBP-maltotriose complex (1.3 Â 10 6 M À1 ) (Thomson et al., 1998) , which is not surprising in light of the differences between them. It is likely that tight binding is a requirement for high-®delity recognition and transport of oligosaccharides by P. furiosus at its ambient temperature. On the other hand, maltotriose in the carbohydrate-binding site of PfuMBP has considerable exposure to the solvent, whereas in EcoMBP the sugar is buried much more deeply ( Figure 5 ). These results suggest that PfuMBP is not as¯exible as EcoMBP, or at least that the equilibrium between the open and closed forms of the protein is shifted toward the closed form. If this hypothesis is correct, then the high solvent exposure of the sugar can be explained as a result of the binding mode being more like a``lock and key'' than a conventional periplasmic transporter mechanism in which the protein closes around the bound ligand. The reduced¯exibility of PfuMBP may contribute to its thermostability. It is also worth mentioning that PfuMBP accommodates both anomeric forms of maltotriose, unlike EcoMBP and other proteins of this family, which exhibit a preference for speci®c anomers (Gehring et al., 1991) .
While this manuscript was in preparation, we learned that the protein corresponding to the second MBP-like ORF in P. furiosus (Utah genome center ID Pf 1616024) has been expressed and crystallized in complex with trehalose by the group of Wolfram Welte (University of Konstanz, Germany). As discussed above, the sequence of this protein is identical with TliMBP and, thus, we will use the same abbreviation in order to avoid confusion. An exchange of coordinates prior to publication has allowed us to draw some conclusions from the structure derived by Welte and co-workers. The overall fold of the protein is very similar to the fold of EcoMBP and PfuMBP, but again, the proteins have signi®cant differences in the position and orientation of many individual secondary structure elements. The sugar-binding site of TliMBP cannot accommodate oligosaccharides larger than maltose or trehalose (W. Welte et al., personal communication). Our preliminary calorimetric studies indicate that PfuMBP does not bind maltose, and the structure of the protein strongly suggests that binding of trehalose would also be thermodynamically unfavorable. Because both PfuMBP and TliMBP are found in P. furiosus, it is logical to assume that the maltose/trehalose recognition and transport, and the recognition and transport of higher oligoglucosides are for some reason carried out by two separate systems in this organism. The presence of TliMBP in P. furiosus may be explained by a lateral transfer of genetic material (Pennisi, 1999) , which could have allowed its native MBP to evolve into the protein targeted toward longer oligosaccharides.
Remarkably, EcoMBP, PfuMBP, and TliMBP all have prominent hydrophobic patches on their surfaces in approximately the same location, on the opposite face from the ligand-binding site (Figure 4(b) and data not shown). Thus far, no biological function has been ascribed to this region of EcoMBP. The identity and precise arrangement of these solvent-exposed, hydrophobic side-chains are not highly conserved, but the existence of such an unusually large hydrophobic patch on all three of these very distantly related proteins is unlikely to be a coincidence. Perhaps this part of the surface constitutes a heretofore unrecognized protein-interaction site. It might be fruitful to investigate the impact of amino acid substitutions in this region of EcoMBP on its biological activity in vivo.
Interestingly, an MBP from another thermophilic bacterium, Thermotoga maritima (TmaMBP), exhibits saccharide-binding thermodynamic properties similar to those of EcoMBP (Wassenberg et al., 2000) , suggesting that there is a greater degree of structural similarity between TmaMBP and EcoMBP than between TmaMBP and PfuMBP or TliMBP. The binding of both maltose and maltotriose to EcoMBP and TmaMBP is endothermic and exergonic, driven primarily by entropy changes (Thomson et al., 1998; Wassenberg et al., 2000) . In contrast, no detectable thermal effect accompanied the addition of maltose to PfuMBP at several temperatures ( Figure 6 and data not shown), whereas the binding of maltotriose was decidedly exothermic. Analysis of the binding curves indicates that this reaction is both enthalpically and entropically driven. A full explanation of the thermodynamics of PfuMBP-carbohydrate interactions requires an in-depth study, which will be described elsewhere. We are attempting to obtain a structure of the ligand-free form of PfuMBP in order to analyze the conformational changes that accompany ligand binding.
Materials and Methods
Vector construction
To construct pKM800, the ORF encoding the putative PfuMBP (Utah gene center ID Pf 1788981) was ampli®ed from genomic DNA by PCR with primers PE-472 (5 H -CCTCCCATATGAAAATCGAAGAAGGAAAAGTT GTTATTTGGCATGCAATG-3 H ) and PE-473 (5 H -CAGC CTGGATCCATTATCCTTGCATGTTGTTAAGGATTTC TTG-3 H ). The PCR product was digested with BamHI and NdeI, and then ligated with the BamHI/NdeI vector backbone of pMal-C2x (New England Biolabs, Beverly, MA). The nucleotide sequence of the insert was veri®ed experimentally.
Protein expression pKM800 was introduced into E. coli CT14 cells, which do not produce any endogenous MBP (Schef¯er et al., 1994) . The cells also contained pDC952 (Calderone et al., 1996) , a plasmid that constitutively overproduces the cognate tRNA for AGA and AGG codons (argU). Cells from a single drug-resistant colony were grown to saturation in LB broth (Miller, 1972) supplemented with 100 mg/ml ampicillin and 30 mg/ml chloramphenicol at 37 C. The saturated culture was diluted 66-fold in the same medium and grown in shake-¯asks to mid-log phase (A 600 0.5-0.7), at which time IPTG was added to a ®nal concentration of 1 mM. After three to four hours, the cells were recovered by centrifugation and frozen at À80 C.
Protein purification
Approximately 20 g of wet cell paste was resuspended in 200 ml of 20 mM Tris-HCl (pH 7.4), 200 mM NaCl. Just prior to lysis, phenyl methylsulphonyl¯uoride (PMSF), EDTA, and benzamidine were added to 1, 2, and 2.5 mM, respectively. The cells were lysed by sonication (Sonics and Materials Vibracell, 1/2``SM0896 horn) in 50 ml aliquots for 45 seconds at a power level of 65 %. The sonication was repeated three times with swirling of the sample in a large beaker in an ice-water bath to keep it cold. Polyethylenimine (Sigma, P3143) was then added to 0.1 %, and the lysate was apportioned into six Oakridge tubes (Nalgene, 3114-0050) and centrifuged in an SA-600 rotor at 37,000 g for ten minutes. Solid ammonium sulfate was added to the supernatant to bring it to 35 % saturation. Once the salt had dissolved, the sample was clari®ed by centrifugation again, as above. Next, more ammonium sulfate was added to the supernatant to bring it to 75 % saturation. After 15 minutes on ice, the precipitate was recovered by centrifugation, as above, and resuspended in 200 ml of 20 mM Tris (pH 7.4), 200 mM NaCl. The solution was clari®ed again by centrifugation and then passed through a 0.45 mm ®lter prior to chromatography.
The sample was next applied to an amylose column (5 cm Â 12 cm, amylose-NEB, XK-50, Pharmacia), washed with 1 l of 20 mM Tris-HCl (pH 7.6), 200 mM NaCl, 1 mM EDTA, and eluted with 10 mM maltose (ICN Biochemicals, biotechnology grade). Further puri®-cation of the ligand-bound form of PfuMBP was accomplished by hydrophobic interaction chromatography. Solid ammonium sulfate was added to 1.0 M, and then the sample was ®ltered before applying it to a butylSepharose column (1.6 cm Â 10 cm, Pharmacia). The column was washed with three volumes of 1.0 M ammonium sulfate, 30 mM sodium phosphate (pH 6.2). PfuMBP was eluted from the column with 0.8 M ammonium sulfate, 30 mM sodium phosphate (pH 6.2).
To prepare ligand-free PfuMBP, after amylose af®nity chromatography (above) the protein was dialyzed in 20 mM sodium acetate (pH 5.2), and then solid guanidinium thiocyanate (which is a considerably stronger denaturing agent than guanidinium chloride) was added to approximately 5.5 M. Dithiothreitol (DTT) was added to 2 mM, and the solution was left at room temperature for three days. Denaturation was suggested by the fact that rapid dilution into water at room temperature led to nearly complete aggregation of the protein. The material was then concentrated by ultra®ltration in a stirred cell (Amicon) and applied in 2.5 ml aliquots to a stack of three desalting columns (G-25SF Sephadex, 5-ml Hitrap Desalting, Pharmacia) using a running buffer of 20 mM sodium acetate (pH 5.4), 5.5 M guanidinium thiocyanate at a¯ow-rate of 1 ml/minute at room temperature. The protein peak was collected for each run, pooled, and used for refolding.
Protein refolding was carried out on a heat block with an indicated temperature of 50 C. The starting concentration of protein was 2.5 mg/ml. A 1.5 ml aliquot of the protein solution was added to a clean 16 mm Â 125 mm glass tube and incubated at 50 C for ten minutes. Deionized, ®ltered water was equilibrated at this temperature for at least 20 minutes before use. To initiate refolding, 5 ml of 50 C water was slowly added to the denaturant solution with vigorous stirring. The diluted protein solution was incubated for 10-15 minutes at 50 C before another 8 ml of 50 C water was added and the tube was allowed to cool slowly to room temperature. The refolded protein was concentrated to 0.5 mg/ml and dialyzed against water at room temperature to remove any residual thiocyanate. Removal of the ligand was con®rmed by calorimetric experiments and by adsorption of the protein to amylose resin.
The refolded PfuMBP was adjusted to 15 mM TrisHCl (pH 7.4), 25 mM NaCl, and approximately 2 mM (tris)carboxhyethyl phosphine hydrochloride (Pierce) was added to reduce any intermolecular disul®de bonds that may have formed. After 30 minutes at room temperature, this material was applied to a MonoQ column (1.6 cm Â 60 cm, Pharmacia) and a linear gradient from 25 mM to 750 mM NaCl in 20 mM Tris (pH 7.4) was applied. The peak fractions were next adjusted to 1.5 M ammonium sulfate and applied to an 8 ml column of Source ISO HIC resin (1.6 cm Â 4 cm, HR16/5, Pharmacia). Using the same starting buffer described above for the butyl separation, a gradient of 1.0 M to 0.5 M ammonium sulfate (pH 6.2, 30 mM sodium phosphate) was run in 13 column volumes, followed by ten column volumes of 0.5 M ammonium sulfate to elute the PfuMBP. The protein obtained in this way had the correct mass (as measured by electrospray MS) within the error of the instrument. Amino acid composition analysis did not reveal any amino acid derivatization.
Crystallization
Several alkaline (pH 8-9), high-salt (2.0-2.4 M ammonium sulfate) crystallization conditions were found for complex of PfuMBP with maltotriose (nonrefolded) using a sparse-matrix approach (Jancarik & Kim, 1991) . At that time, we thought the ligand-binding site was occupied by maltose, and so the protein was maintained in a solution containing 10 mM maltose. However, after the structure was solved and it became clear that the ligand was actually maltotriose, we established that the addition of maltose was not necessary for crystallization. In all cases, the crystals were orthorhombic prisms, which appeared within two to four days. Diffraction-quality crystals were obtained by hanging-drop equilibration of 6 mg/ml protein-carbohydrate complex mixed with an equal volume of reservoir solution against 2.4 M ammonium sulfate, 0.1 M bicine (pH 9.0), 0.1 % (v/v) b-mercaptoethanol. Crystals appeared within two to four days and reached an average size of 0.5 mm Â 0.3 mm Â 0.3 mm in two weeks.
In contrast, the carbohydrate-free (refolded) protein crystallized in the form of very thin needles from 30 % (w/v) PEG 4000 (pH 5.0) or from 2 M sodium phosphate (pH 4.0). If this sugar-free protein was incubated with 5 mM maltotriose, then crystals of the complex could be obtained under the same conditions as outlined above for the non-refolded protein.
Data collection, derivatives and structure solution
A single crystal of the PfuMBP complex, measuring 0.3 mm Â 0.2 mm Â 0.2 mm, was immersed in Paratone-N oil, mounted in a mono®lament loop, and¯ash-frozen in a cryogenic nitrogen stream (Oxford Cryostream) at 100 K. X-ray diffraction was recorded using a MAR-345 image plate mounted on a Rigaku X-ray generator. The crystal belonged to space group P2 1 2 1 2 1 . A crystal-todetector distance of 100 mm and an exposure time of 60 minutes/degree were used to collect data over 90 in 0.25 oscillations. The data were reduced and scaled using HKL software (Otwinowski & Minor, 1997 ) (see Table 3 for details of data collection and processing).
An attempt to solve the structure by molecular replacement, using both the sugar-bound and sugar-free forms of EcoMBP, was unsuccessful. Therefore, heavyatom derivatives were prepared by soaking the PfuMBP crystals in arti®cial mother liquor containing 2.2 M ammonium sulfate, 100 mM bicine (pH 9.0), and 1 mM of the heavy-atom reagent. Two derivatives were used: MeHgOAc (soaked for 40 minutes) and K 4 PtI 6 (soaked for 25 minutes). Derivative data collection procedures were the same as for the native crystal; a summary is given in Table 3 .
The heavy-atoms were located in isomorphous and anomalous Patterson maps, calculated with the program CNS (Bru È nger et al., 1998), and veri®ed using the program SOLVE (Terwilliger & Berendzen, 1999) . Twoderivative isomorphous/anomalous phasing of the native dataset to 3.0 A Ê was performed with CNS (Table 3) and was followed by density modi®cation using the same program. At this point, continuous electron density was observed for the protein monomer and secondary-structure elements were clearly visible in the electron density map.
Model building and refinement
The ®rst model of the protein was manually built into the electron density using the program O (Jones et al., 1991) . Several cycles of simulated annealing were performed with CNS, after which all further re®nement was performed using Shelx-97 (G. M. Sheldrick (1997) University of Grottingen; Sheldrick & Schneider, 1997) . A total of 380 amino acid residues were built and re®ned (the C-terminal glycine residue was not observed in the density, most likely due to disorder). The electron density in the sugar-binding site improved with successive re®nement cycles, until it reached the state depicted in Figure 4 . At this point, it was apparent that three D-glucopyranoside rings were occupying the site. Three glucopyranoside units were built into the density, using coordinates from Hic-Up (Kleywegt & Jones, 1998) , and were re®ned independently. The anomeric oxygen atom of ring 1 was built as disordered between a and b con®gurations, since electron density was observed for both. Disordered anomeric oxygen components were re®ned with the sum of their occupancies restrained to unity. Carbohydrate rings 2 and 3 were built as a anomers. Cysteine 33 had undergone covalent modi®cation by b-mercaptoethanol into Cys-S-S-CH 2 -CH 2 -OH. An appropriate residue was built into the density using coordinates from Hic-Up (Kleywegt & Jones, 1998) . At the ®nal stage of the re®ne-ment, 386 solvent molecules were added to the structure, using difference density and standard proximity criteria. A summary of re®nement details is given in Table 4 .
Electrostatic and hydrophobicity plots were prepared using the program GRASP (Nicholls et al., 1991) . The detection of cavities capable of accommodating a water molecule was undertaken using VOIDOO (Kleywegt & Jones, 1994) with default settings. In both cases, the ligand was included in the calculations. The number of hydrogen bonds was calculated using HBPLUS (McDonald & Thornton, 1994) . Only protein-protein hydrogen bonding was considered.
Isothermal titration calorimetry
Ligand-free (refolded) PfuMBP was dialyzed against three changes of 100 volumes of 25 mM Tris-HCl (pH 7.5), 30 mM NaCl. The protein concentration was adjusted to 0.05 mM, on the basis of the speci®c absorbance at 280 nm, established by quantitative amino acid analysis. An aliquot of this solution was degassed and loaded into the 1.4915 ml chamber of a MicroCal VP-ITC calorimeter and allowed to equilibrate to 15 C. The protein was titrated (25 injections of 10 ml) with the same buffer containing 0.35 mM carbohydrate. The same titrations were performed at 40 C and at 75 C (data not shown) to con®rm that binding of maltose to PfuMBP was not masked by the fact that the ÁH happens to be close to zero at one particular temperature. The maltose and maltotriose used in this part of the study (Sigma, analytical grade) were of much higher quality than the maltose that was used for protein chromatography, as gauged by NMR and paper chromatography (data not shown). A single-site binding model in the Origin VI software package (MicroCal Inc.) was used to obtain thermodynamic parameters from the experimental results.
Protein Data Bank accession number
The coordinates and structure factors were deposited with the RCSB Protein Data Bank (Berman et al., 2000) under accession code 1ELJ . 
